We have investigated plasmonic excitations at the surface of Bi 2 Se 3 ð0001Þ via high-resolution electron energy loss spectroscopy. For low parallel momentum transfer q ∥ , the loss spectrum shows a distinctive feature peaked at 104 meV. This mode varies weakly with q ∥ . The behavior of its intensity as a function of primary energy and scattering angle indicates that it is a surface plasmon. At larger momenta (q ∥ ∼ 0.04 Å −1 ), an additional peak, attributed to the Dirac plasmon, becomes clearly defined in the loss spectrum. Momentum-resolved loss spectra provide evidence of the mutual interaction between the surface plasmon and the [4] [5] [6] have promising capabilities in regard to engineering high-speed plasmonic and optoelectronic devices [7, 8] .
We have investigated plasmonic excitations at the surface of Bi 2 Se 3 ð0001Þ via high-resolution electron energy loss spectroscopy. For low parallel momentum transfer q ∥ , the loss spectrum shows a distinctive feature peaked at 104 meV. This mode varies weakly with q ∥ . The behavior of its intensity as a function of primary energy and scattering angle indicates that it is a surface plasmon. At larger momenta (q ∥ ∼ 0.04 Å −1 ), an additional peak, attributed to the Dirac plasmon, becomes clearly defined in the loss spectrum. Momentum-resolved loss spectra provide evidence of the mutual interaction between the surface plasmon and the Dirac plasmon of Bi 2 Se 3 . The proposed theoretical model accounting for the coexistence of three-dimensional doping electrons and two-dimensional Dirac fermions accurately represents the experimental observations. The results reveal novel routes for engineering plasmonic devices based on topological insulators. In recent years, topological insulators (TIs) [1] (in particular Bi 2 Se 3 ) have attracted considerable attention in the scientific community [2, 3] . Topological surface states forming a Dirac cone [4] [5] [6] have promising capabilities in regard to engineering high-speed plasmonic and optoelectronic devices [7, 8] .
The growth of TI samples belonging to the class of chalcogenides inherently involves the presence of vacancies. Thus, in most cases, the Fermi level is shifted from the bulk band gap and pinned by the bulk states occupied by doping electrons or holes. These bulk carriers give rise to their own three-dimensional electron gas (3DEG), which is well known to have plasmonic excitations characterized by the bulk plasmon energy ω p . In this matter, the frequency of the surface plasmon ω sp is related to the bulk plasmon energy ω p (for a simple planar interface ω sp ¼ ω p = ffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 þ ε b p , where ε b is the dielectric constant of the background medium of the 3DEG) [9] . In turn, the value of ω p is determined by the bulk concentration of charge carriers [10] . From the reported values of the carrier concentration, the respective values of ω p , and the dielectric screening by the surrounding medium [11, 12] , one could expect that ω sp is in the ∼100 meV energy range and it should coexist with the collective excitation of the two-dimensional electron gas (2DEG) arising from electrons of topological surface states (the so-called Dirac plasmon) [13, 14] . As a result, the intriguing interplay of the surfaceplasmon and Dirac-plasmon modes as functions of in-plane momentum q ∥ arises.
Recently, optical techniques have been used [12, 15, 16 ] to investigate plasmon modes of thin films and microribbons of Bi 2 Se 3 . The Dirac plasmon has been observed in Bi 2 Se 3 microribbons [15] , while the bulk plasmon has been reported in thin films [11, 17, 18] . However, optical techniques are not suited to the investigation of the momentum dependence of plasmonic excitations and, thus, the nature and the dispersion of low-energy collective excitations in TIs in a finite momentum range is hitherto unexplored.
Here, we examine the surface collective electronic excitations in Bi 2 Se 3 by means of HREELS, which allows probing of an extended momentum range. Our HREELS measurements provide direct evidence for the coexistence of two low-energy collective modes: the surface plasmon, whose origin is due to a nonzero density of 3D doping electrons, and the Dirac plasmon of the 2DEG formed by electrons residing in a topological surface-state band. The surface plasmon, whose surface nature is revealed by its cross section dependence on the scattering geometry and on the primary electron beam energy, has the energy of ∼100 meV in the long-wavelength limit. In the neighborhood of q ∥ ¼ 0.04 Å −1 , the Dirac plasmon appears in the loss spectrum and its intensity increases for higher values of q ∥ , thus becoming the dominant feature.
In the present work, a single crystalline ingot of Bi 2 Se 3 was grown from melt by the vertical Bridgman-Stockbarger method. The polycrystalline sample which was synthesized from starting elements of a high purity grade (not less than 99.999%) was placed in the conical-bottom quartz ampoule, which was sealed in a vacuum of less than 10 −5 Pa. Before the growth process, the ampoule was held in the "hot" zone (1050 K) of the two-zone tube furnace for 12 h to completely melt the composition. Then, the charged ampoule moved from the hot zone to the "cold" zone with the required rate of 1.0 mm=h. The temperature of the cold zone was about 900 K. The grown crystals consisted of one large single crystalline block. Fresh surfaces were readily made available for HREELS measurements by cleaving the crystal along its natural cleavage plane. Such single crystals are also chemically inert [19, 20] .
The cleaved Bi 2 Se 3 ð0001Þ samples were characterized in situ via a combination of angle-resolved photoemission spectroscopy (ARPES), scanning tunneling microscopy, AES, XPS, and LEED, and ex situ by XRD, AFM, and SEM to examine the crystalline quality, cleanliness, and the flatness of the cleaved surface. Transport experiments are reported in the Supplemental Material [20] . A well-defined Dirac cone was revealed via ARPES measurements (not shown). The Bi 2 Se 3 ð0001Þ surface exhibited an excellent (1 × 1) hexagonal LEED pattern characterized by sharp spots against a very low background. AES and vibrational spectra indicate the absence of any contamination at the surface. HREELS experiments were carried out in an ultrahigh vacuum chamber operating at a base pressure of 5 × 10 −9 Pa, equipped with standard facilities for surface characterizations. HREELS spectra were acquired by using an electron energy loss spectrometer (Delta 0.5, SPECS). The energy resolution of the spectrometer was degraded to 5 meV so as to increase the signal-to-noise ratio of loss peaks. The dispersion of the loss peaks, i.e., E loss ðq ∥ Þ, was measured by moving the analyzer while keeping the sample and the monochromator in a fixed position.
To measure the dispersion relation, values for the parameters E p , impinging energy, and α i , the incident angle, were chosen so as to obtain the highest signal-tonoise ratio. The range of primary beam energies used for the dispersion, E p ¼ 20-30 eV, provided the best compromise among surface sensitivity, high cross section for mode excitation, and q ∥ resolution. As given by ℏq ∥ ¼ ℏðk i sin α i − k s sin α s Þ, the parallel momentum transfer q ∥ depends on E p , E loss , α i , and α s according to
where E loss is the energy loss and α s is the electron scattering angle [23] . Accordingly, the integration window in reciprocal space is [24] Δq
where γ is the angular acceptance of the apparatus [24] (AE0.5°in our case). All measurements have been carried out at room temperature. Figure 1(a) shows the HREELS spectra measured in specular geometry (55°with respect to the sample normal) at various primary electron beam energies, in scattering conditions for which q ∥ ≈ 0. An intense loss feature is observed around 100 meV. The intensity of this feature depends strongly on the kinetic energy of the primary electrons. Its intensity increases with E p , reaching a maximum at E p ¼ 25 eV. For higher values of the impingent energy, its intensity decreases and nearly vanishes at E p ¼ 40 eV. A deeper investigation of the nature of this mode may be achieved by probing the behavior of its cross section as a function of the scattering geometry. Measured loss spectra for various scattering geometries (with the incident angle ranging from 50°to 80°with respect the sample normal) are shown in Fig. 1(b) . The intensity of this mode is enhanced in grazing scattering conditions, thus confirming its strict surface nature. We consider this excitation to be the surface plasmon of Bi 2 Se 3 . In view of the particular scattering conditions, the data set reported in Fig. 1 is devoid of spectral contributions from the Dirac plasmon, whose energy at q ∥ ≈ 0 is zero [25, 26] . Moreover, it should be noted that the intensity of a Dirac plasmon vanishes at low momenta, as for any plasmonic excitation in a 2DEG [26] .
Momentum-resolved loss spectra can reveal the existence of the Dirac plasmon, which coexists with the surface plasmon. The HREELS spectra measured for various scattering angles, reported in Fig. 2(a) , exhibit the presence of two clearly distinct plasmonic excitations. The dispersion relations of the modes were measured by varying the scattering angle and, consequently, the parallel momentum transfer. The energies of the loss peaks were obtained by subtracting a polynomial background from each spectrum. Finally, the resulting spectra were fitted by means of two Gaussian line shapes, as sketched in Fig. 2(b) for a selected case.
The measured dispersion of the aforementioned two plasmonic excitations is shown in Fig. 3 . The surfaceplasmon energy ω sp of the first mode exhibits dispersion from 104 meV in the long-wavelength limit up to ∼150 meV at q ∥ ∼ 0.28 Å −1 . For small momenta, a nearly flat dispersion of the surface-plasmon energy is found, while for higher momenta, starting from q ∥ ∼ 0.04 Å −1 (hereafter, we refer to this momentum value as to q c ∥ ), the plasmon energy grows by
, where it becomes saturated. Note that at the momentum transfer q c ∥ , the second plasmonic mode also emerges and its peak becomes the dominant feature in the HREELS spectrum. It has near-linear dispersion from ∼140 meV at q c ∥ up to ∼200 meV at q ∥ ∼ 0.12 Å −1 . As was found in previous experimental studies [27] , the growth of Bi 2 Se 3 intrinsically results in an n-type doping. We have characterized our samples by transport measurements (see the Supplemental Material [20] for details), finding that the 3D charge density of doping electrons for Bi 2 Se 3 is n 3D ∼ 8.2 × 10 18 cm −3 . In the long-wavelength limit, the bulk plasmon energy is defined as ω p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4πn 3D =m Ã p with the effective mass m Ã ¼ 0.15, as evaluated in correspondence with the conduction band minimum atΓ [18] . This results in ω p ¼ 270 meV. In general, bulk plasmons are determined in correspondence with the maxima of Imð−1=ϵÞ, which are shifted to higher energy with respect to maxima observed in optical absorption. The bulk plasmon in Bi 2 Se 3 has been previously studied only by optical techniques [11, 17] , and a direct comparison with HREELS would not be straightforward. Nonetheless, an estimate, based on the Drude conductivity reported in Ref. [11] , that the bulk plasmon energy is approximatively ω D p ∼ 300 meV supports satisfactory agreement. In considering the system of 3D doping electrons having the characteristics indicated above, we constructed a freeelectron-like model to describe its dynamical response. This model incorporates information about the Bi 2 Se 3 ð0001Þ surface band structure in the vicinity of the Fermi level [as shown in the inset of Fig. 3(c) ] while maintaining the relatively simple framework of the freeelectron gas. Our calculations based on this model employed a standard thick slab geometry (see, e.g., Ref. [28] ) with experimental values of m Ã and n 3D , which accurately reproduce the experimentally observed value of ω sp for low q ∥ . The resulting surface loss function, whose peaks provide information about collective electronic excitations at the surface [29, 30] , was obtained analytically. As seen in Fig. 3(b) , the calculated surface-plasmon energy dispersion of a purely 3D system is negative for low q ∥ values, as observed in other metallic systems [30] . At momenta exceeding a value of ∼0.05 Å, the dispersion becomes positive.
To take account of the electronic structure of the (0001) surface of bismuth selenide, our model incorporates a quasi-2D system formed by electrons in the surface state having an ideal Dirac cone eigenenergy spectrum. The dynamic, nonlocal screening properties of this system are described within the random phase approximation similarly to those of graphene (see, e.g., Refs. [31, 32] ) except that there is neither valley nor spin degeneracy in the case at hand. Additionally, we have taken into account the fact that this surface state is localized within the uppermost quintuple layer [33] , in which the Coulomb interaction between surface-state electrons is screened by bulk electrons of Bi 2 Se 3 (we employed the bulk dielectric constant of Ref. [34] ). Figure 3(c) shows the Dirac-plasmon dispersion of the modeled 2D system.
The resulting calculated dispersion relation associated with peaks in the loss function of the composite system (bulk þ Dirac fermions) is presented in Fig. 3(a) . It is evident that the theoretical model reasonably represents the main experimental features measured in the HREELS spectrum. In the low wave number range q ∥ < q c ∥ , the calculated loss function exhibits a single peak at energy around 105 meV, with initial dispersion that is comparable with experimental data. For momenta higher than q PRL 115, 216802 (2015) P
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week ending 20 NOVEMBER 2015 occurring at larger momenta should likely be ascribed to transitions involving topologically protected surface states and three-dimensional states in the conduction band of Bi 2 Se 3 , which are not reproducible in our model.
In the calculated loss function, the second mode also emerges beyond q c ∥ . Its dispersion closely follows the experimental higher-energy peak, thus confirming that it corresponds to the Dirac plasmon. From a simple moderepulsion picture one may expect the presence of the Dirac plasmon at energies below 100 meV. The calculations reveal a tiny signature of such a mode, as illustrated by the dashed line in Fig. 3(a) . However, its spectral weight is significantly reduced in comparison with that of the other modes. This may explain the absence of such a mode in the HREELS spectrum.
The chemical inertness of our Bi 2 Se 3 samples [19] prevents the appearance of contamination-induced 2DEG states reported previously [35] [36] [37] . However, we would like to point out that no additional plasmonic mode would exist even in samples exhibiting 2DEG states because of their energy position at the bottom of the bulk conduction band. As a result, the maximum Fermi velocities in the bulk electron system and the conventional 2D electron system are very close, masking their distinction.
Finally, in regard to the prospect of TI-based infrared plasmonics, it should be remarked that present HREELS experiments demonstrate that the energy of the Dirac plasmon can be extended up to ≈200 meV, whereas in the previous studies [15] this energy region was restricted to the 0-15 meV range.
In conclusion, we have investigated the plasmonic excitations of the (0001) surface of Bi 2 Se 3 . Our HREELS experiments indicate the presence of two plasmonic modes. The first one, having the plasmon energy of about 100 meV in the long-wavelength limit, cannot be ascribed to a plasmon mode of a 2D electron system, but its surface nature clearly indicates that it is an ordinary surface plasmon related to the existence of 3D doping electrons in the sample. On the other hand, the second mode is a clear signature of the 2D Dirac-fermion system formed by surface-state electrons. Our theoretical results provide substantial support for the experimental coexistence and mutual interaction of the surface plasmon of the doped 3D electron system coupled with the Dirac plasmon of the 2D Dirac surface fermions. Our results provide insight concerning the dielectric properties of Bi 2 Se 3 single crystals, the understanding of which is essential for the promising prospect of TI-based plasmonic devices, helping to bring to fruition a hitherto semiunexplored research field with high potential for technological applications. 
